The nucleotide sequence of RNA 1 of the Fny strain (Subgroup I) of cucumber mosaic virus (CMV) was determined and compared at both the nucleic acid and protein levels with the corresponding sequence of RNA 1 of the Q strain (Subgroup II) of CMV. Fny-CMV RNA 1 consisted of 3357 nucleotides and contained a single long open reading frame (ORF) of 2979 nucleotides, whereas Q-CMV RNA 1 consists of 3389 nucleotides and contains a single ORF of 2973 nucleotides. The levels of sequence homology between the two RNAs were 76~ at the nucleotide level and 85~o at the protein level. These homologies were distributed widely over the molecules, with 45 of the non-conservative differences in amino acid sequence located between amino acids 503 and 705, and another 15 ~ of the differences located between amino acids 224 and 298. While the C-terminal 141 amino acids contain more basic than acidic amino acids, the region of greatest amino acid sequence heterogeneity, amino acids 503 to 600, contained a preponderance of acidic amino acids in the putative translation products of RNAs 1 of both Q-CMV and Fny-CMV. The last 180 nucleotides of the 3'-terminal non-coding region of Fny-CMV RNAs 1 and 2 were 96~ homologous, whereas the sequence homology between Fny-CMV RNA 1 and Q-CMV RNA 1 was 64~ in this region. Furthermore, the tRNA-like secondary structures formed by the 3'-terminal non-coding regions of Fny-CMV RNAs 1 and 2 were virtually identical. By contrast, there was only 84~ sequence homology between the 5"-terminal non-coding regions of these two RNAs and 81~ sequence homology between the 5'-terminal non-coding regions of Q-CMV RNA 1 and Fny-CMV RNA 1. The non-equivalent divergence in the non-coding regions of these RNAs, as well as possible functions for the translation product of RNA 1, are discussed.
INTRODUCTION
Cucumber mosaic virus (CMV) is a positive-sense RNA plant virus with a genome composed of three single-stranded RNAs, designated RNAs 1, 2 and 3, in decreasing order of Mr (Peden & Symons, 1973) . RNAs 1 and 2 each encode one large polypeptide, and RNA 3 encodes two polypeptides, including the Mr 25 000 virus coat protein (Schwinghamer & Symons, 1977) . By analogy with studies involving other viruses with tripartite genomes (Kiberstis et al., 1981; Nassuth & Bol, 1983) , RNAs 1 and 2 of CMV are believed to encode proteins associated with the replication of the virus genome. There is also significant nucleotide sequence homology between the RNAs 1 and between the RNAs 2 of alfalfa mosaic virus (A1MV), brome mosaic bromovirus (BMV) and CMV (Rezaian et aL, 1984 (Rezaian et aL, , 1985 . Similar nucleotide sequence anatyses have led to suggestions that RNA 2 encodes the polymerase subunit of the replicase, while RNA 1 encodes a nucleotide-binding protein that may also be a helicase (Kamer & Argos, 1984; Hodgman, 1988) . These suggestions are consistent with the results of genetic studies with two strains of CMV (Fny and Sny), which indicate a role for RNA 1 in the regulation of viral RNA synthesis (Zitter & Gonsalves, 1986) . next largest plasmid (pFnyl00) contained an insert of length 2.9 kb. The pattern of restriction fragments after agarose gel electrophoresis was different for these two clones, suggesting that pFnyl00 was specific to RNA 1 (results not shown). A Northern blot of total CMV RNA was probed with 3zp_labelled pFny100, which specifically hybridized to RNA 1 (results not shown).
The RNA 1-specific eDNA insert in pFnyl00 was approximately 0.55 kb shorter than expected for a lull-length clone. Subsequent nucleotide sequencing of this insert, and comparison with the nucleotide sequence of Q-CMV RNA 1, indicated that pFnyl00 did not contain eDNA representing the 5'-terminal 0.55 kb of Fny-CMV RNA 1. Thus, oligonucleotide primers were used to generate a second eDNA library specific to the Y-terminal 0.55 kb of Fny-CMV RNA 1. Clones in an RNA 1-specific eDNA library (putatively carrying inserts representing the cDNA segment missing in pFny100) were screened by analysing insert size. Of plasmids screened in this library, five insert-carrying plasmids contained the expected 0-55 kb insert (results not shown), and one of these (pFnyl01) was chosen for further study.
Strategy for sequencing Fny-CMV RNA 1
The nucleotide sequence of Fny-CMV RNA 1 was determined by sequencing the overlapping eDNA inserts of pFnyl00 and pFnyl01. The construction ofa Bal 31-generated, ordered set of deletions used in sequencing these eDNA inserts has been described previously (Rizzo & Palukaitis, 1988) . The set of deletions covering the inserts of pFnyl00 and pFnyl01 is illustrated in Fig. 1 .
The 5'-terminal 33 nucleotides of Fny-CMV RNA 1 were determined by direct RNA sequencing. As expected, the 5' end of the eDNA insert of pFny101 contains this authentic viral sequence. By contrast, seven 3'-terminal nucleotides of the primer sequence were lost from pFny 100 during the cloning procedure. The complete nucleotide sequence of Fny-CMV RNA 1 is presented in Fig. 2 .
The region of overlap between pFnyl00 and pFnyl01 is 73 nucleotides long (nucleotides 483 to 555). There is one discrepency between these two sequences, at position 484 of Fny-CMV RNA 1:pFnyl00 contains a T residue while pFnyl01 contains a C residue. However, this nucleotide is at the third position ofa codon in the large open reading frame (ORF) (see below), and both codons encode a serine residue. Hence, this difference is most likely due to the cloning of a variant RNA 1 molecule rather than a eDNA cloning artefact in either pFnyl00 or pFnyl01. This region of overlap was sequenced in three non-sibling clones carrying the 0.55 kb insert; all were identical to pFnyl01. However, this difference in nucleotide sequence may be due to 'sequence drift', since the cDNAs in pFnyl00 and pFnyl01 were synthesized from different RNA preparations.
Fny-CMV RNA 1 encodes one long open reading frame
The only long ORF of Fny-CMV RNA 1 begins at the first AUG codon at nucleotides 95 to 97 and contains 2979 nucleotides, encoding a 111404 Mr protein (993 amino acids; Fig. 2 ). By contrast, the translation product of Q-CMV RNA 1 has a predicted Mr of 110930 (Rezaian et al., 1985) .
In Fny-CMV RNA 1, the next largest ORF on the positive strand begins at residue 2328 and is 165 nucleotides long; Q-CMV RNA 1 has a corresponding 207 nucleotide ORF also starting at residue 2328 (Rezaian et al., 1985) . The longest ORF on the negative strand of Fny-CMV RNA 1 begins at position 1090 of the positive strand and extends 411 nucleotides; a counterpart ORF in Q-CMV RNA 1 begins at residue 1093 and is 198 nucleotides long. The second largest positive strand ORFs and the longest negative strand ORFs of Q-and Fny-CMV RNAs 1 encode polypeptides that are only 30~o and 23~o homologous, respectively.
Comparison of Fny-CMV RNA 1 and Q-CMV RNA 1 nucleotide sequences and translation products The alignment of the RNA 1 sequences of Fny-CMV and Q-CMV is shown in Fig. 3 . Putative translation products of the two RNAs are aligned in Fig. 4 . The nucleotide sequences and corresponding translation products have overall homologies of 76~ and 85~, respectively. Unmatched nucleotides within the coding regions are localized in three specific RNA segments (Fig. 3) . These segments show codon usage realignment (described as frameshifting by Rizzo & Palukaitis, 1988) with respect to one another. Hence, nucleotide sequence alignment indicates deletions of either three (both segments A and B) or 17 (segment C) nucleotides in the coding sequence. Because the differences between the two strains in segment C do not lead to the addition or deletion of amino acids, the Q-CMV RNA l-encoded polypeptide is two amino acid residues shorter than the polypeptide encoded by Fny-CMV RNA 1. All three codon usage realignments result in corresponding protein segments with no amino acid homology (Fig. 4) .
The nucleotide and amino acid sequences of Q-and Fny-CMV RNAs 1 both have higher levels of homology (76 ~ and 85 ~, respectively) than those of Q-and Fny-CMV RNAs 2 (71 and 73 ~, respectively) (Rizzo & Palukaitis, 1988 
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Similarities in amino acid sequence between the translation products of specific genes of a number of viruses, including the Q-la protein, have been observed (Haseloff et al., 1984; Rezaian et al., 1985) . Since the Fny-1 a protein is ve~ similar in amino acid sequence to the Q-1 a protein, the above similarities would also apply to the putative translation product of Fny-CMV RNA 1. Of the other virus gene products that were compared with the Q-1 a protein, protein la of BMV showed the most overall amino acid sequence homology. The Fny-la protein did not have a greater sequence homology to the BMV-la protein (44.5~) than did the Q-la protein (43.8 ~); however, the region of greatest amino acid sequence divergence between the Fny-1 a protein and the Q-1 a protein (Fig. 4 , residues 501 to 600) also includes the region of greatest heterogeneity between the Q-la protein and BMV-la protein (Rezaian et al., 1985) . Furthermore, the corresponding, aligned region of BMV-la (residues 470 to 578) also contains more acidic amino acids (24) than basic amino acids (20), in contrast to the amino acids in the BMV-la protein flanking this region. Similarly, an analysis of the corresponding aligned sequences of A1MV and tobacco mosaic virus (TMV) (Fig. 2 of Haseloff et al., 1984) shows the presence of a domain containing marginally more acidic (26 for the A1MV-1 a protein and 25 for the TMV Mr 126000 protein) than basic (22 for the A1MV-la protein and 17 for the TMV Mr 126000 protein) amino acids, while the regions flanking this domain contain either equivalent numbers of basic and acidic amino acids, or more basic than acidic amino acids. Hence, there is a domain present near the central region of several viral translation products analogous to the CMV-la protein, which shows little amino acid sequence homology but contains a preponderance of acidic amino acids.
By comparison with other proteins involved in nucleic acid replication, Hodgman (1988) has noted that proteins encoded by several plant viruses contain a series of conserved motifs. Thus, the 1 a proteins of A1MV, BMV and Q-CMV all show some conservation of amino acid sequence with other nucleotide-binding proteins, further suggesting some role for these proteins in replication. These conserved protein sequence motifs are also present in the putative protein encoded by Fny-CMV RNA 1.
Non-coding regions of Fny-CMV RNA 1
In the non-coding 5'-terminal regions, the 94 nucleotides of Fny-CMV RNA 1 and the 97 nucleotides of Q-CMV RNA 1 are 81 ~ homologous. The 86 nucleotides in the non-coding 5' terminus of Fny-CMV RNA 2 are 84~ homologous to the corresponding region of Fny-CMV RNA 1. The distribution of homologous nucleotide sequences between Fny-CMV RNA 1 and Fny-CMV RNA 2 is similar to that described by Rezaian et al. (1985) for Q-CMV RNAs I and 2; i.e. there are few differences in the first 50 nucleotides. Moreover, both the sequence homology in this region between Q-CMV RNAs 1/2 and BMV RNAs 1/2 and the sequence complementarity between the 5' non-translated region of Q-CMV RNAs 1/2 and the satellite RNA of CMV (Rezaian et al., 1985) are also present in the non-coding 5'-terminal region of RNAs 1 and 2 of Fny-CMV.
The non-coding 3'-terminal region of Fny-CMV RNA I is 284 nucleotides long (including the stop codon), which compares with 319 nucleotides in Q-CMV RNA 1. The 3'-terminal 180 nucleotides of Fny-CMV RNAs 1 and 2 are 96 ~ homologous; the sequence homology between Fny-CMV RNA 1 and Q-CMV RNA 1 in this region is 64~o. Two specific secondary structures involving this segment of Fny-CMV RNA 2 have been illustrated elsewhere (Rizzo & Palukaitis, 1988) ; the predominance of one conformation over the other depends on the presence or absence of magnesium ions. The secondary structure of the 3' end of Fny-CMV RNA 1 in the absence of magnesium ions is illustrated in Fig. 5 . Also shown are the nucleotide differences between Fny-CMV RNAs 1 and 2 occurring in this structure.
It is evident from Fig. 5 that the seven nucleotide substitutions and the single nucleotide deletion that occur in Fny-CMV RNA 2 relative to RNA 1 are predominantly outside the basepaired regions of the secondary structure. There are three exceptions to this. In hairpins A and G, three nucleotide substitutions occur within the base-paired stems; however, these changes do not disrupt the proposed secondary structure occurring in either the presence or absence of magnesium ions. At position 13 in stem A, the U residue in RNA 1 and the C residue in RNA 2 can both base pair with the same G residue. In stem G, a G-C base pair in RNA 1 (positions 161 and 152, respectively) is replaced by an A-U base pair in RNA 2.
The extent of sequence divergence in the non-coding regions between RNAs of the two subgroups of CMV is not equivalent; i.e. there is greater homology in the 5'-terminal non-coding regions (81% for RNA 1 and 80~ for RNA 2) than in the Y-terminal non-coding regions (66% for RNA l and 65 % for RNA 2) of the two CMV strains. However, the Y-terminal regions show a strong conservation of secondary structure (e.g. Fig. 5 ). Thus, at the 5' termini, the actual nucleotide sequence may be important for various RNA-protein interactions, while at the 3' termini, the secondary structure formed by the nucleotide sequence may be more important in such interactions. This may also account for the difference in the extent of divergence between the 5'-and Y-terminal regions of RNAs 1 and 2 (of Fny-CMV); i.e. 16% in the 5' termini and 4% in the 3' termini, since compensatory changes would have to occur in the Y-terminal region to maintain the same secondary structure.
